tunnels---------------------------14 CONVERSION TABLE
This report uses inch-pound units for all numerical data; these units can be converted to metric (International System) units with the following multiplication factors:
Multiply inch-pound unit
By To obtain metric unit Simulation modeling of mine pumpage and flooding at Tract C-b indicate that recovery of the hydrologic system from the major effects of pumping will occur in a few years. After this period of transient recovery, a steady-state flow system will occur and water from the upper aquifers will drain slowly into the lower aquifers through three mine shafts. Though less likely, degradation of water quality in the upper aquifers possibly may result from upward migration of relatively saline water from the lower aquifers through the shafts. This migration could be caused by convection in the shafts in response to the natural thermal gradient, natural diffusion processes, construction of pumped or injection wells nearby, or decreased natural recharge.
INTRODUCTION
Tract C-b is a Federal oil-shale lease tract in the northern part of Piceance basin in northwestern Colorado ( fig. 1 ). Three shafts and five connecting tunnels were constructed in preparation for the mining of oil shale and associated minerals. The shafts were pumped at variable rates from 1981 to the present (1987) to drain ground water from zones planned for mining or in-situ processing of oil shale. Water was injected in a well near the tract.
The operators of Tract C-b (Cathedral Bluffs Shale Oil Co.) seek permission from the U.S. Bureau of Land Management to stop pumping water from the shafts and allow the mine to flood; plugging of shafts and tunnels is not planned. The purpose of this report is to estimate the effects of ceasing to pump water from the mine shafts and abandoning the unplugged mine shafts and tunnels on the hydrologic system. Specifically, the possibility of mixing water from the lower and upper aquifers is addressed because water in the lower aquifers generally has diminished quality compared to water in the upper aquifers. This report was prepared in cooperation with Rio Blanco County in northwestern Colorado. 
HYDROGEOLOGIC SETTING
The Piceance basin, which encompasses an area of about 1,600 mi 2 , is a structural basin that is drained by four principal drainage systems: Piceance, Yellow, Roan, and Parachute Creeks. The basin contains large resources of oil shale and sodium minerals within the Green River and Uinta Formations of Tertiary age. Fractured shale and sandstone aquifers in these formations, as well as alluvial aquifers, are the subject of this analysis. The bedrock aquifer system consists of lower aquifers that are separated from upper aquifers by the Mahogany Zone, a confining layer. The alluvial aquifers occur along major streams in the basin. The permeability of all aquifers varies considerably. Average thickness of the bedrock and alluvial aquifer system is about 1,750 ft.
In the northern part of the Piceance basin, the bedrock aquifers are recharged by snowmelt and rainfall ( fig. 2 ). Recharged water moves through the upper and lower aquifers and discharges into the valley-fill alluvium or as springs in the valleys of Piceance and Yellow Creeks and their tributaries. Water recharged to or discharged from the lower aquifers is transmitted through the Mahogany zone, even though it is a confining layer.
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Figure 2. Ground-water flow system in the northern part of Piceance basin.
MINE SHAFTS
In 1979, the Cathedral Bluffs Shale Oil Co. began excavating three shafts on Tract C-b in Piceance basin, Colorado. The production (P) and service (S) shafts are located in sec. 12, T. 3 S., R. 97 W. (fig. 3 ). The P shaft was constructed to withdraw ore; the S shaft was constructed to lower miners and equipment. The P and S shafts penetrate the upper aquifers, and they bottom in the R-5 zone ( fig. 4) . The P and S shafts are 250 ft apart and are connected by five horizontal tunnels at various depths. The ventilation and escape (VE) shaft is located in sec. 1, T. 3 S., R. 97 W., and it penetrates the upper aquifers and bottoms in the R-6 zone. The VE shaft was constructed to ventilate the mine and to provide escape for miners in an emergency. The shafts were pumped to drain the mine, and the water was initially discharged to Piceance Creek. All shafts have leaking concrete liners that drain the aquifers at numerous depths. Shaft diameters and pumping periods are: During 1981-82, water pumped from the shafts was injected into well 11X18 ( fig. 3) . The injection was done to avoid discharging water that has a large concentration of fluoride into the river.
The concentration of the trace element fluoride ranges from 10 to 30 mg/L (milligrams per liter) in the lower aquifers, but it is less than 10 mg/L in the upper part of the upper aquifers (Robson and Saulnier, 1981) . The dissolved-solids concentration in the lower aquifers commonly is about 2,000 mg/L; in the upper aquifers the concentration generally is less than 1,000 mg/L.
REGIONAL SIMULATION MODELING OF MINE PUMPING AND FLOODING
The regional effects of pumping the mine shafts to drain the mine workings and the cessation of pumping to allow the mine workings and shafts to flood were analyzed using a simulation model described by Taylor (1986) . This model incorporates six layers of 1,840 nodes each. The lower aquifers are simulated as layers 1 and 2; the Mahogany zone, a confining layer, is represented as layer 3. The upper aquifers and valley-fill alluvium are simulated as layers 4, 5, and 6 ( fig. 4 ). Streams and springs are simulated as headdependent discharge sites. This model was designed to simulate the regional flow system in the basin; it was not designed to simulate in detail the local results of pumping such as mine drainage at Tract C-b. Nevertheless, the model was used to predict, in a general sense, the effects of pumping and recovery at locations distant from the tract.
Historical pumpage and injection at Tract C-b were combined into net pumpage for 1981-86 ( fig. 5 ). The net pumpage was simulated at model column 29, model row 27, layer 1 (fig. 3 ). The net stress was simulated at this single node to avoid simulating stresses too close to, or too distant from Piceance Creek in the coarse grid of the model. In addition, 50 years of recovery were simulated, assuming that pumping ceased at the end of 1986. Predicted effects of pumping are shown in figures 6 through 9. The model predicted that the effects on streams, springs, and water in storage would diminish during the last 5 years of the pumping period because of decreased net pumping rates. It also predicted that the decline and recovery of water levels due to pumping would be rapid and widespread in the artesian basin.
LOCAL HYDROLOGIC EFFECTS OF SHAFTS AND TUNNELS
The local effects of nonsteady flow to multiaquifer wells or shafts was analyzed by Papadopulos (1966) . However, the local nonsteady effects of flow after mine flooding were not considered in this analysis because the simulation analysis predicted the nonsteady flow period would be short, and because it was assumed that the long-term effects of mixing of water from the upper and lower aquifers would be more severe than the short-term nonsteady effects.
After the hydrologic system recovers from the effects of pumping, an equilibrium will be reached in the system that is different from the equilibrium prior to pumping, because the shafts connect the upper and lower aquifers. This new equilibrium was analyzed by estimating the water level in the shafts that would be achieved when the upper and lower aquifers are connected and by calculating the flow in the shafts at that water level.
At the P and S shafts, the original difference in water levels between the upper and lower aquifers was about 65 feet: These water levels were estimated from potentiometric-surface maps prepared using hydraulic-head data from wells before pumpage from the shafts and injection into well 11X18 had begun (Kent Glover, U.S. Geological Survey, written commun., 1987). The water levels indicated a downward hydraulic gradient and associated downward movement of ground water under natural conditions. Water levels reported by J.H. Birman (Geothermal Surveys, Inc., written commun., 1987) are several hundred feet lower and seem to have been affected by pumpage during shaft construction. After the effects of pumpage and injection are over, the potentiometric levels in the upper and lower aquifers will equilibrate near the shafts because the shafts penetrate both aquifers. The sum of hydraulic-head changes will equal 65 ft, and the ratio of hydraulic-head changes in each aquifer will be inversely proportional to the transmissivity ratio: aV*1* = VTu '
where Ah = hydraulic-head change in shaft for upper aquifers, in feet; Ah» = hydraulic-head change in shaft for lower aquifers, in feet; T = transmissivity of upper aquifers, in feet squared per day; and Tp = transmissivity of lower aquifers, in feet squared per day.
The sum of hydraulic-head changes will equal the original difference in water levels in the two aquifers:
Ah + Ah n = 65 ft. The equilibrium water level in the shafts will induce flow downward from the upper aquifers to the lower aquifers through the shafts. Therefore, water that has relatively small dissolved-solids concentration in the upper aquifers will mix with water in the lower aquifers, where the dissolved-solids concentration is relatively large. The flow is constrained by the equilibrium water level in the shafts and the relatively small transmissivity of the lower aquifers. In addition, the hydraulic-head changes induced near the shaft will decrease the normal downward flow through the Mahogany zone ( fig. 10 ). Estimated flow through the shafts and the effects of connecting tunnels is calculated below.
The relation between discharge and constant drawdown for a well or shaft was analyzed by Jacob and Lohman (1952) . The discharge, using consistent units, is given by: Apparently drainage from tunnels will not be substantial.
OTHER FACTORS AFFECTING THE LOCAL HYDROLOGIC SYSTEM
Solutions of the analytical equations for shafts and tunnels indicate that water from the upper aquifers will drain slowly into the lower aquifers. These solutions were obtained using regional values of aquifer transmissivity and storage. Because of known heterogeneity and anisotropy of these aquifers, local values of aquifer parameters may be different from the regional values used in the calculations. Different aquifer parameters would change the values obtained in the solution of the analytical equations. Likewise, the final hydraulic-head differences between the upper and lower aquifers are not known with certainty.
Because of the natural temperature gradient with depth, the average temperature of water in the lower aquifers is greater than the average temperature of water in the upper aquifers. As a result, convection cells could develop in the shafts because of temperature differences in the upper and lower aquifers. In addition, proposed injection of superheated water into the lower aquifers for solution mining at a location near Tract C-b could increase the temperature and salinity differences between the upper and lower aquifers. The resulting convection cells may allow the relatively saline water in the lower aquifers to migrate into the upper aquifers through the shafts and tunnels.
Finally, changes in the local hydrologic system could result in higher water levels in the lower aquifers compared to the upper aquifers. The associated upward hydraulic gradient could result in flow from the lower aquifers into the upper aquifers. These changes might be caused by effects from discharging wells, injection wells, or decreased natural recharge resulting from climatic changes, such as a sustained drought. An upward hydraulic gradient near the shafts would allow water from the lower aquifers to migrate into the upper aquifers through the shafts and tunnels.
CONCLUSIONS
Flow from the upper aquifers to the lower aquifers through the shafts will be small and will not degrade water quality, according to the analytical analysis. However, because of uncertainties in the flow system and the presence of open shafts connecting the upper and lower aquifers, mixing of water from the aquifers may occur because of other processes that are described below:
1.
The hydrologic system may not function exactly as expected because of the anisotropy and heterogeneity of the hydrologic characteristics of the aquifers and the confining layer. For example, local variations of permeability and storage could result, in flow in the shafts that would differ from the predicted flow.
2.
Water-temperature differences in the shafts caused by the natural temperature gradient may result in convection movement that allows saline water from the lower aquifers to migrate upward and diffuse into the upper aquifers. In addition, the proposed injection of superheated water into the lower aquifers for solution mining at a location near Tract C-b may increase the temperature gradient, salinity, and associated convection and diffusion processes.
3.
Human-induced or natural changes in the flow system may reverse the downward gradient and induce water from the lower aquifers to flow upward into the upper aquifers. These changes could include the pumping of wells, injection through wells, a sustained drought, or any other process that results in higher water levels in the lower aquifers compared to the upper aquifers.
